The Ns genome of the genus Psathyrostachys is a component of the polyploid genome in the genus Leymus. Using fluorescence in situ hybridization (FISH), the occurrence and abundance of 2 tandem repetitive sequences from Leymus racemosus (Lam.) Tzvelev, pLrTaiI-1 (TaiI family) and pLrPstI-1 (1 class of 350-bp family), were assayed in 4 species of the genera Psathyrostachys and Leymus. The pLrPstI-1 sequence was absent in all 4 Psathyrostachys species. While P. fragilis and P. huashanica did not have the pLrTaiI-1 sequence, 15 accessions of P. juncea and 2 accessions of P. lanuginosa had pLrTaiI-1 sites ranging in number from 7 to 16 and from 2 to 21, respectively. The numbers of pLrTaiI-1 and pLrPstI-1 sites were 1-24 and 0-30, respectively, in L. ramosus; 2-31 and 5-36 in L. racemosus; 0-4 and 0 in L. mollis; 2-9 and 24-27 in L. secalinus. The FISH assay on pLrTaiI-1 was successfully converted to a sequence-tagged-site polymerase chain reaction (STS-PCR) test using a primer pair designed from the sequence of this repetitive DNA. Seventy-three accessions representing 27 Leymus species were assayed for the abundance of pLrTaiI-1 by STS-PCR. With a few exceptions of uniformity in some accessions, nearly all Leymus species observed were heterogeneous for the abundance of pLrTaiI-1 sequence and no Leymus species was totally devoid of this repetitive sequence. These findings may have significance for the understanding of phylogeny, nature of polyploidy, adaptive ranges, and breeding potential of Leymus species. Une analyse FISH sur pLrTail-1 a été convertie en marqueur STS-PCR (« sequence-tagged site polymerase chain reaction ») en employant une paire d'amorces dérivée de la séquence de cet ADN répétitif. Soixante-treize accessions représentant 27 espèces du genre Leymus ont été examinées pour l'abondance de pLrTail-1 à l'aide de ce marqueur. A peu d'exceptions près, presque toutes les espèces du genre Leymus étaient hétérogènes pour l'abondance de pLrTail-1 et aucune espèce de Leymus n'était dépourvue de cette séquence répétée. Ces observations pourraient contribuer à une meilleure connaissance de la phylogénie, de la polyploïdie, de la gamme adaptative et du potentiel en sélection des espèces de Leymus.
Introduction
Plant nuclear genomes encompass a wide range of variation in size and nucleotide composition with diverse arrangements of chromosomal segments, repetitive sequences and gene distribution (King 2002 ). The knowledge gained from studies on eukaryotic genome organization is important for understanding how genomes function and evolve, and it provides the basis for designing strategies for manipulating genomes (Lapitan 1992) . The chromosomes are generally composed of heterochromatin and euchromatin regions. Heterochromatin is defined as deeply staining chromosomal material that remains condensed in interphase, whereas euchromatin undergoes decondensation. Heterochromatin is found to occur near centromeres and telomeres, but interstitial sites of heterochromatin are also common in plant genomes. Lippman et al. (2004) demonstrated that heterochromatin in Arabidopsis is composed of transposable elements and related tandem repeats. They also show that transposable elements can regulate genes epigenetically when inserted within or very close to the structural genes. It is now generally accepted that repetitive sequences are not all junk DNA, but that some are involved in regulation of gene expression (Balakirev and Ayala 2003) .
The Ns genome in the genus Psathyrostachys (Poaceae: Triticeae) Nevski is a component of the polyploid genome in the genus Leymus Hochst. The genome constitution of tetraploid Leymus species is still unresolved. Zhang and DvoÍák (1991) and Anamthawat-Jónsson and Bödvarsdóttir (2001) proposed a segmental autotetraploid (Ns 1 Ns 1 Ns 2 Ns 2 ) and Wang and Jensen (1994) proposed an allotetraploid (NsNsXmXm; with the Xm coming from an unknown source) structure for tetraploid Leymus species. Kishii et al. (1999) reported the localization of 2 tandem repetitive sequences, pLrTaiI-1 (TaiI family, 570 bp/repeat unit) and pLrPstI-1 (350 bp family, 380 bp /repeat unit), in subtelomeric heterochromatin regions of Leymus racemosus (Lam.) Tzvelev chromosomes. These 2 repetitive sequences were not detected in Leymus mollis (Trin.) Pilger and P. huashanica Keng, and only pLrTaiI-1 was found in Psathyrostachys juncea (Fisch.) Nevski. Furthermore, they observed that even homologous chromosomes did not show the same patterns of TaiI and 350 bp families. This observation suggests that these 2 repetitive sequences may be neither chromosome nor genome specific.
Variation in repetitive sequences has been used for studying germplasm diversity and relationships in Amaranthus (Sun et al. 1999) . Variation in amplified fragment length polymorphism (AFLP) and restriction fragment length polymorphism (RFLP) of ribosomal genes has been observed between Leymus species and among populations of Leymus arenarius (L.) Hochst., and Leymus mollis (AnamthawatJónsson et al. 1999) . In this paper, we surveyed the variation in the abundance of pLrTaiI-1 and pLrPstI-1 among accessions and species of Psathyrostachys and Leymus. The information may be significant to the understanding of phylogeny, nature of polyploidy, adaptive ranges, and breeding potential of Leymus species.
Materials and Methods
Forty accessions of 8 species of Psathyrostachys and Leymus (Tables 1 and 2) were studied by the 2-color fluorescence in situ hybridization (FISH) method of Kishii et al. (1999) . One to 4 plants per accession were assayed for the number of in situ hybridization sites of pLrTaiI-1 and pLrPstI-1 repetitive sequences. pLrTaiI-1 and pLrPstI-1 were labeled with digoxigenin-11-dUTP and biotin-16-dUTP (Roche Applied Science, Indianapolis, Ind.), respectively, using PCR labeling. In situ hybridization sites were detected with anti-digoxigenin-rhodamine (Roche Applied Science) and FITC-avidin conjugated with biotinylated goat anti-avidin (Vector Laboratories, Burlingame, Calif.), respectively. Under a fluorescence microscope (Zeiss, Jena, Germany), pLrTaiI-1 and pLrPstI-1 sites appeared in red and green color, respectively, on the blue-colored chromosomes resulting from the counterstain, 4′,6-diamidino-2-phenylidone (DAPI), in the Vectashield mounting medium (Vector Laboratories). Photographs were taken with a cooled CCD camera (AxioCam, Zeiss) on the microscope.
Southern hybridization of pLrTaiI-1 to genomic DNA was carried out with selected species of Psathyrostachys and Leymus. ScaI-digested genomic DNAs of P. juncea (accession HT17586), P. huashanica (HT17585), L. racemosus (PI 313965), L. mollis (MK10011), and L. secalinus (PI 499524) were electrophoresed in a 1.5% agarose gel and transferred to Hybond-N + membranes (Amersham, Piscataway, N.J.). The probe (pLrPLrTaiI-1) was labeled by 32 P-dCTP and hybridized with the membrane in solution (6× SSC, 5× Denhardt, and 0.5% SDS) at 68°C for 16 h, followed by washing in a 0.5× SSC, 0.1% SDS solution. Hybridization was visualized by exposure of Kodak X-ray film to 32 P. Based on the 566-bp DNA sequence of pLrTaiI-1 of Kishii et al. (1999) , a pair of STS primers was designed to amplify fragments of multiples of 550 bp. The forward primer was 5′-TTATTGACATTAGTCCCCCTGG-3′ and the reverse primer was 5′-TCCTTCAAAAGGAAGTGCCA-3′. Bulked genomic DNA was extracted using the cetyltrimethylammonium bromide (CTAB) method of Doyle and Doyle (1987) from each accession of L. ramosus and L. racemosus (Table 2) that had been assayed with the fluorescence in situ hybridization (FISH) method. These genomic DNA samples were tested for amplification of pLrTaiI-1 by PCR. PCR was carried out in a reaction mixture (25 µL) containing 14.1 µL sterile ddH 2 O, 2.5 µL of 10× buffer, 2 µL of 8 mmol/L dNTP, 1.5 µL of 10 µmol/L each of the designed primer, 1.5 µL of 50 mmol/L MgCl 2 , 0.4 µL (2 U) Taq polymerase (Gibco, Invitrogen, Carlsbad, Calif.), 0.5 µL of dimethyl sulfoxide (DMSO), and 1 µL template DNA (40 ng/µL). The GenAmp PCR System 9600 (Perkin Elmer, Wellesley, Mass.) was programmed to run for 5 min at 95°C, followed by 30 cycles of 45 s at 94°C, 1 min at 58°C, and 2 min at 72°C, and finally 7 min at 72°C. Gel electrophoresis was carried out in a 2% agarose gel containing 0.5 µg ethidium bromide in 1× Tris-borate EDTA (TBE) buffer. DNA fragments were visualized and photographed under ultraviolet light; their sizes were estimated by comparing them with 100 bp DNA size markers composed of 1500 bp, 1200 bp, and from 1000-100 bp in increments of 100 bp (New England BioLabs, Ipswich, Mass.).
Twenty-seven Leymus species (Tables 2 and 3) , represented by 1-3 accessions each, were grown in the greenhouse. DNA extracted from individual plants was stored as such. With a few exceptions, more than 5 plants were assayed in each of the 60 accessions (Table 3) (Table 3) were assayed on an individual basis and 13 accessions of 2 species (L. ramosus and L. racemosus in Table 2 ) were assayed on a bulked-accession basis. Note: A single number represents counts in 1 plant; numbers separated by a dash represent the range of counts in multiple (between 2 and 4) plants. 
Results

Fluorescence in situ hybridization
Variation in number of FISH sites for pLrTaiI-1 sequence was observed both within and among accessions of P. juncea, P. lanuginosa, L. ramosus, and L. racemosus (Tables 1 and 2; Figs. 1 and 2). No variation was detected among different cells within a plant. When 2-4 plants of an accession were studied, variation among different plants was observed in most accessions (Tables 1 and 2) . Psathyrostachys fragilis and P. huashanica did not reveal FISH sites for pLrTaiI-1.
Although pLrPstI-1 was not detectable in 4 Psathyrostachys species (Table 1; Fig. 1) , it was present in all accessions of L. racemosus and 1 accession each of L. secalinus and L. ramosus (Table 2; Fig. 2 ). This repetitive sequence was not detected in L. mollis or in 3 out of 4 accessions of L. ramosus.
Southern hybridization
Southern hybridization of Hybond-N + membrane containing ScaI-digested genomic DNA of P. juncea, P. huashanica, L. racemosus, L. mollis, and L. secalinus revealed patterns and intensities of hybridization bands (Fig. 3 ) consistent with the FISH results (Tables 1 and 2 ; Figs. 1 and 2) . Psathyrostachys huashanica did not show hybridization signals, whereas L. mollis, L. secalinus, P. juncea, and L. racemosus gave hybridization signals with increasing intensities.
STS-PCR
STS-PCR using the primer pair designed for amplification of the TaiI family sequences produced fragments of 550 and 1100 bp and longer (Fig. 4) . Reproducibility of this STS-PCR was confirmed in 2 replicate assays. The smear appearance of amplification products is due to variable lengths of TaiI family sequences evidenced by the varying sizes of FISH signals in different Leymus chromosomes within the cells (Fig. 2) . The same cause also resulted in 2 amplified fragments of approximately 550 bp and 600 bp in some species (Fig. 4b) . Overall amplification intensities, including the smear, could be arbitrarily grouped into 3 classes -high, low, and absent. Generally, plants of L. ramosus and L. racemosus having fewer than 5 FISH pLrTaiI-1 sites would produce low amplification intensity from this STS-PCR assay. Both P. fragilis and P. huashanica that did not show FISH TaiI sites would not amplify STS-PCR products of TaiI family either (data not shown). Variability of the abundance of TaiI family repetitive sequence was observed both within and among accessions of all Leymus species (Table 3) . Taking both Tables 2 and 3 into consideration, every Leymus species had at least 2 plants containing the TaiI family repetitive sequence.
Discussion
The genus Psathyrostachys is a small genus with no more than 10 species (Löve 1984) . Species are mainly diploid (2n = 14); however, tetraploid cytotypes have been reported in P. lanuginosa from China (Linde-Laursen and Baden 1994a), P. fragilis subsp. secaliformis from Turkey (LindeLaursen and Baden 1994b), and P. juncea from Kazakhstan (Asay et al. 1996) . The genome symbol for Psathyrostachys has been changed from J (Dewey 1970) to N (Dewey 1984; Löve 1984) , and then to Ns ). Karyotype differences between P. juncea, P. lanuginose, P. fragilis, and P. huashanica were reported by Hsiao et al. (1986) . The type species of Psathyrostachys is P. lanuginosa, which has pLrTaiI-1 sites ranging in number from 2 to 21 (Table 1) . Psathyrostachys juncea exhibited between 7 and 16 pLrTaiI-1 sites (Table 1 ). All Leymus species studied have plants showing at least 2 pLrTaiI-1 sites (Tables 2 and 3) , and P. fragilis and P. huashanica lack the pLrTaiI-1 sequence (Table 1) . Therefore, P. fragilis and P. huashanica are unlikely to be the donor species of the Ns genome in the Leymus species. Based on the presence and frequency of pLrTaiI-1 sites, P. lanuginosa and P. juncea are likely candidates as possible ancestral parents of Leymus species.
The variation in abundance of TaiI family sequence in Psathyrostachys species may be related to the geographic ranges of these species. Psathyrosatchys fragilis is distributed in northern and southern parts of Iran; P. huashanica has a restricted distribution in the Shanxi province of China; P. juncea is widely distributed in the former USSR (Euro- pean part, eastern and western Siberia, central Asia), Mongolia, and the northwestern part of China (the Xinjiang and Gansu provinces). Variation within an accession of a Psathyrostachys species could be attributed to heterogeneity owing to obligate cross pollination (Jensen et al. 1990) . Kishii et al. (1999) observed all pLrTaiI-1 and pLrPstI-1 sites exclusively in subtelomeric heterochromatin regions. This sequence is located also in the centromeres of wheat (Kishii and Tsujimoto 2002) . In this study, a pair of centromeric pLrTaiI-1 sites were observed in P. juncea accession PI 476299 (Fig. 1c) and in L. lanuginosa accession D-3376 (Fig. 1d) , but a single site was observed in L. racemosus accession PI 531811 (Fig. 2b) . The occurrence of an odd number of pLrTaiI-1 and pLrPstI-1 sites in Psathyrostachys and Leymus plants (Tables 1 and 2 ) indicates that these FISH features could not be used as landmarks for identifying homologous chromosomes. This was confirmed earlier in a study by Kishii et al. (2003) that showed the pairing of homologous chromosomes having different subtelomeric repeat sequences.
The 350 bp family to which pLrPstI-1 belongs is commonly present in Triticeae species including Secale cereale L., Elymus trachycaulus (Link) Gould ex Shinners, Agropyron cristatum (L.) J. Gaertner, P. huashanica, and others. The 350 bp family sequence probe pCb4.14 from Critesion bogdanii (Wilensky) Á. Löve could hybridize in situ telomeric locations of chromosomes in both C. bogdanii and Pseudoroegneria spicata (Pursh) Á. Löve (Appels et al. 1989) . However, the pLrPstI probe of L. racemosus does not hybridize to the terminal heterochromatic sequences of Psathyrostachys huashanica chromosomes, indicating its species-specific nature. Species-specific sequences could appear by independent amplification events during the evolution of the species (Appels et al. 1989) . In contrast, the DNA sequences in the TaiI family are less variable. All the repeats in this family occurring in Psathyrostachys, Leymus, and Triticum could be detected by a single probe cloned from L. racemosus.
Evidence for the involvement of Psathyrostachys juncea in the speciation of Leymus species was obtained in meiotic studies of hybrids of P. juncea with Leymus species, including (Dewey 1970 (Dewey , 1972 (Dewey , 1976 and L. mollis (Wang and Hsiao 1984) . It was also substantiated in molecular studies of Leymus species (Jensen and Wang 1997; Svitashev et al. 1998; Hole et al. 1999) . The genome symbol for Leymus species was originally designated JN (Dewey 1984; Löve 1984) , with the J coming from a Thinopyrum species and the N from Psathyrostachys. However, the absence of the J genome in Leymus was shown both in meiotic pairing patterns of the hybrids Thinopyrum elongatum (Host) D. Dewey × L. mollis (Petrova 1970) and Th. elongatum × L. salinus subsp. salmonis (C. L. Hitchcock) R. Atkins (Wang and Jensen 1994) , and in molecular hybridization (Wang and Jensen 1994) . Therefore, the genome symbol for Leymus species was changed to NsXm , where Xm stands for the genome of an unknown source. However, Zhang and DvoÍák (1991) and Anamthawat-Jónsson and Bödvarsdóttir (2001) advocated that tetraploid Leymus species are segmental autotetraploids with the Ns 1 Ns 1 Ns 2 Ns 2 genome formula. A test for the former hypothesis would be facilitated by a useful STS-PCR protocol for the pLrPstI-1 sequence. Although we tried to develop a workable STS-PCR for assaying pLrPstI-1, the designed primers 5′-CTGCAGAAATATGCGCCTTG-3′ and 5′-CAGACTATACGGATGAGTTGGC-3′ amplified non-target fragments from template DNA of species that did not have the FISH pLrPstI-1 sites. Different primers must be designed and tested. A working protocol would allow easy identification of species that may be candidate ancestral sources of the Xm genome. The latter hypothesis requires carrying out the FISH study of other Psathyrostachys species that have not been included in this study for the presence of pLrPstI-1 sequence to determine the source of the second Ns genome in tetraploid Leymus species.
The fact that these 2 repetitive sequences could vary from total absence to a high number of sites in the genome of Leymus species suggests that they are neither chromosome nor genome specific. Variation in AFLP profiles between old and new populations of an Alaskan Leymus mollis accession in Iceland was attributed to genotype changes resulting from changes in environment or ecosystem and migration and colonization of the species in a new environment, i.e., from Alaska to southern Iceland (Anamthawat-Jónsson et al. 1999) . Similarly, variation in the abundance of repetitive se- quences observed in this study might also be attributed to genotypic differences. The 385 bp pLrPstI-1 sequence (AB016971) has an 86% homology with a 393 bp random amplified polymorphic DNA (RAPD) marker (U91645) for green-leaf plants in the Agropyron cristatum (L.) J. Gaertner 'Hycrest' (R.R.-C. Wang, unpublished data). The green-leaf plants of 'Hycrest' have earlier spring growth than purpleleaf plants (Hu et al. 2001) . Potentially, PstI family sequences might have positive or negative effects on some morphological or agronomic traits in Triticeae grasses. Appels et al. (1989) also speculated that the 350 bp family sequences could have an important biological function. Most recently, Belyayev et al. (2005) observed population-specific clusters of the Ty3-gypsy element that are mainly insertions into centromeric central domains of different chromosomes and the majority of these insertions were detected in populations with hot, dry environments. Thus, certain repetitive sequences such as retrotransposons may play a role in adaptive strategies of plant species. -30) , and PI 499518 (lanes 31-36). Each accession was assayed with 6 plants using single plant DNA samples as templates. M indicates the bands for (top to bottom) 1500, 1200, 1000, 900, 800, 700, 600, 500, 400, 300, 200, and 100 bp size markers.
